potent antitumor efficacy to the clinic to validate this novel paradigm of highly selective tumor targeting.
Introduction
Folates are hydrophilic molecules that are anions at physiologic pH and that cross membranes poorly by diffusion. Reflecting this, mammalian cells have evolved sophisticated transport systems for facilitating cellular uptake of folate cofactors. The ubiquitously expressed reduced folate carrier (RFC or SLC19A1) is widely considered to be the major transport system for folates in mammalian cells [1] . RFC mediates concentrative uptake of folate substrates such as (6S)-5-methyl tetrahydrofolate (THF), its physiologic substrate. Notably, RFC is also an important transporter for antifolate drugs approved for cancer therapy, including methotrexate (MTX), pemetrexed (PMX), pralatrexate (PTX), and raltitrexed (RTX) [1] [2] [3] (Fig. 1) .
In 2006, a previously uncharacterized facilitative transporter (SLC46A1), the proton-coupled folate transporter (PCFT), was reported to mediate uptake of dietary folates in the duodenum, with mutations in PCFT resulting in a rare autosomal recessive disorder, hereditary folate malabsorption [4] . PCFT is distantly related to RFC and is distinct in terms of its substrate specificities, mechanism, and pH optimum, and its patterns of expression in tissues and tumors ( Fig. 2) [1, 2, 5] . These differences have provided the impetus for studies of the biology of PCFT including its physiology, pharmacology, and structure and function Abstract This review considers the "promise" of exploiting the proton-coupled folate transporter (PCFT) for selective therapeutic targeting of cancer. PCFT was discovered in 2006 and was identified as the principal folate transporter involved in the intestinal absorption of dietary folates. The recognition that PCFT was highly expressed in many tumors stimulated substantial interest in using PCFT for cytotoxic drug targeting, taking advantage of its high level transport activity under the acidic pH conditions that characterize many tumors. For pemetrexed, among the best PCFT substrates, transport by PCFT establishes its importance as a clinically important transporter in malignant pleural mesothelioma and non-small cell lung cancer. In recent years, the notion of PCFT-targeting has been extended to a new generation of tumor-targeted 6-substituted pyrrolo [2,3-d] pyrimidine compounds that are structurally and functionally distinct from pemetrexed, and that exhibit near exclusive transport by PCFT and potent inhibition of de novo purine nucleotide biosynthesis. Based on compelling preclinical evidence in a wide range of human tumor models, it is now time to advance the most optimized PCFT-targeted agents with the best balance of PCFT transport specificity and , and the development of novel PCFT-targeted cytotoxic antifolates for selective tumor targeting [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] .
In this review, we explore the promise and potential challenges of exploiting the PCFT for selective therapeutic targeting of cancer.
Folate-based therapies for cancer and the evolution of antifolates that target de novo purine nucleotide biosynthesis
In the modern era of targeted therapies, antifolates ( Fig. 1 ) remain versatile and widely used agents for treating cancer and other diseases. MTX is used for treating acute lymphoblastic leukemia (ALL), osteogenic sarcoma, lymphoma, and breast cancer [3] . RTX is used outside the US for treating advanced colorectal cancer, particularly in patients with fluoropyrimidine-induced cardiotoxicity or a significant history of cardiac disease [42] . PMX was approved in the US for treating malignant pleural mesothelioma (2004) [43] and non-small cell lung cancer (2009) [44] . Most recently, PTX was FDA-approved (2009) for treating relapsed or refractory peripheral T-cell lymphoma [45] .
MTX and PTX are inhibitors of dihydrofolate reductase (DHFR) [3, 46] , whereas PMX and RTX are thymidylate synthase (TS) inhibitors [42, 47, 48] . For PMX, 5-aminoimidazole-4-carboxamide ribonucleotide (ZMP) formyltransferase (AICARFTase) and glycinamide ribonucleotide formyltransferase (GARFTase) in de novo purine nucleotide biosynthesis, and DHFR are secondary targets [47] [48] [49] [50] . In PMX-treated tumor cells, accumulation of the AICARFTase substrate ZMP (reflecting AICARFTase inhibition) results in (Fig. 1) , replacement of the 1,4-phenyl by a 2,5-thienyl ring increased drug potency over LMX [53, 56] . Unfortunately, in phase I clinical trials, LY309887 and AG2034 showed similar toxicities to those encountered with LMX [57, 58] .
The notion of targeting de novo purine nucleotide biosynthesis with folate analogs assumes that depletion of purines can limit nucleotides for DNA synthesis and repair, while also impacting ATP and GTP stores required for cellular energetics. GARFTase inhibitors kill tumors independent of wild-type/mutant p53 status [59, 60] , and selectively target tumors secondary to 5′-deoxy-5′-methylthioadenosine (MTA) phosphorylase (MTAP) deletions in many cancers (e.g., non-small cell lung cancer), as MTAP-expressing normal tissues are protected by MTA [61, 62] .
As described below, recent studies have described the discovery of a new generation of novel tumor-targeted antipurine antifolates that target GARFTase, with tumor selectivity based on their preferential transport into tumors over normal tissues.
Facilitative folate transporters and the malignant phenotype: the role of RFC and PCFT in transport and antitumor efficacy of antifolate therapeutics
The ubiquitously expressed RFC is the major transport route for folate cofactors and classical antifolate drugs (such as MTX, PTX, and RTX) into both tumors and normal tissues [1] [2] [3] . For DHFR inhibitors such as MTX, RFC transport is essential for generating sufficient intracellular drug to maximize DHFR inhibition and to support the synthesis of antifolate polyglutamates required for cellular retention [3, 63] . Differences in the extent of MTX polyglutamylation between normal tissues and tumors likely contribute to drug selectivity and antitumor efficacy, and to the selectivity of leucovorin rescue from MTX toxicity [3, 63] . With antifolates such as PMX or LMX that inhibit enzymes other than DHFR, drug polyglutamates typically bind to these cellular targets with much higher affinities than their non-polyglutamyl drug forms [47, 48, 53] .
Loss of RFC transport is an important contributing factor in MTX resistance in preclinical tumor models, and has been implicated as causal in clinical resistance to MTX in ALL and osteogenic sarcoma [1, 63, 64] . In cancer cell lines, antifolate resistance due to loss of RFC function results from decreased RFC expression, or from synthesis of mutant RFC with impaired transport function [1, 63, 64] . For MTX, loss of RFC transport often accompanies other cellular defects including decreased drug polyglutamate synthesis and/or elevated levels of DHFR [63, 64] . Loss of RFC transport has also been reported for other antifolates such as GW1843 [64] . Interestingly, for antifolates that are sufficiently good folylpolyglutamate synthetase (FPGS) substrates such as LMX, drug accumulation and chemosensitivity can be significantly preserved toward MTX resistant cells in spite of a major loss of RFC transport activity [65] .
PCFT is highly expressed in apical brush border membranes in the proximal jejunum and duodenum; however, levels are substantially reduced in other segments of the intestine and colon [4, 66, 67] . PCFT expression is elevated in the choroid plexus, liver and kidney, but PCFT appears to be expressed modestly in most other human tissues and is undetectable in the bone marrow [30, 67, 68] .
Growing evidence suggests an association between PCFT levels and function, and the malignant phenotype. A comprehensive analysis of folate transporter expression by real-time RT-PCR in 80 cancer cell lines derived from human solid tumors (n = 53) and leukemias (n = 27) detected substantial PCFT expression in 52 of 53 tumor cells [33] . PCFT transcript levels were elevated in hepatoma cells, and in epithelial ovarian cancer, malignant pleural mesothelioma, non-small cell lung cancer and pancreatic cancer cells [33] . PCFT levels were low-to-undetectable in leukemias (including ALL and acute myeloid leukemia) [33] . Low level PCFT expression in leukemia cells appears at least in part to involve promoter methylation [16] . Relative differences in PCFT transcripts between tumor cell lines generally paralleled levels of PCFT protein on western blots and transport activity at pH 5.5, although there were outliers [30] . While this suggests possible posttranslational regulation of PCFT, to date, the only posttranslational modification reported for PCFT involves its glycosylation [69] . However, glycosylation of PCFT does not appreciably impact its transport function [69] . In lung cancer cells, expression of PCFT proteins was accompanied by robust transport activity at pH 5.5 with a PCFT-selective radiolabeled substrate (AGF154) (Fig. 3 In both test (n = 73) and validation (n = 51) cohorts of mesothelioma patients treated with PMX, patients with low PCFT transcripts had significantly lower rates of disease control and shorter overall survival [70] . In 35 malignant pleural mesothelioma specimens from patients treated with PMX, low PCFT protein levels were accompanied by significantly shorter overall survival [70] . Collectively, these results strongly imply that PCFT is an important determinant of PMX clinical efficacy in malignant mesothelioma.
Net tissue and tumor uptake of classical antifolate drugs confers antitumor efficacy and toxicity, and reflects substrate specificities for RFC and/or PCFT. Other factors include expression levels of RFC and PCFT, their tissue/tumor localization which determines their access to circulating drug, and the pH of the tissue/tumor microenvironment relative to the pH optima for transport by RFC or PCFT.
With certain tumors such as epithelial ovarian cancer, folate receptor (FR) α may also contribute to antifolate drug uptake [71, 72] . This has been extended to include cytotoxic folate conjugates (e.g., vintafolide) [73] and small molecule inhibitors (e.g., ONX0801) [74] that selectively target FRexpressing tumors. While FRs are also expressed in normal epithelial tissues such as renal tubules (i.e., FRα) and thymus (FRβ), these are either inaccessible to the circulation (FRα) or are non-functional (FRβ) [71] . Agents that are transported by FRs and not by other processes such as RFC would be expected to exhibit tumor selectivity and limited toxicity to normal tissues.
For RFC substrates such as MTX, there is a finite selectivity toward tumors over normal proliferative tissues (e.g., bone marrow) since both tumors and normal tissues express RFC [1] . Indeed, it now seems likely that the substantial toxicities encountered in clinical trials with the early generation of GARFTase inhibitors such as LMX [53, 55] were at least partly due to their RFC-mediated transport, along with drug polyglutamylation that results in drug retention in susceptible normal tissues.
On this basis, PCFT-selective tumor-targeted therapeutics were developed with a singular goal of exploiting the substantial levels of PCFT expression in many tumors compared to most normal tissues, and the significant transport activity of PCFT at the acidic pH of the tumor microenvironment [30-34, 36, 38-41] . This is considered below.
Functional and molecular characterization of PCFT
PCFT is a folate-proton symporter that transports folates and related molecules under acidic conditions characterizing the small intestine and the microenvironment of many solid tumors [30] . PCFT was identified in 2006 as a high affinity folate transporter [4] , even though it had been originally described as a low affinity heme transporter [75] .
Like RFC, PCFT belongs to the major facilitator superfamily (MFS) of secondary transporters, although it is only distally related (PCFT shares ~ 14% amino acid identity with RFC) [4, 76] . The characteristics of PCFT and RFC are summarized in Fig. 2 . As with other MFS proteins, PCFT is a homo-oligomer and oligomerization is important to its optimal transport function [7, 77, 78] .
PCFT is unique from RFC in that it has an acidic rather than a neutral pH optimum [2, 5, 30, 67, 79] . Whereas RFC is optimally active at physiologic pH (pH 7.2-7.4), PCFT transport is maximal at pH 5-5.5 and significant activity is detectable up to pH 6.8 [5, 79, 80] . Above pH 7, PCFT transport activity is very low, yet the extent of this residual transport varies for different substrates (see below). In Xenopus oocytes, PCFT transport is electrogenic [4] and results in intracellular acidification [20] . At acidic pH, protons are transported via PCFT in the absence of folate substrates, a phenomenon termed "slippage" [20, 22] .
Interestingly, physiologic levels of bicarbonate are potently inhibitory of PCFT transport at neutral pH [27] . Other univalent anions such as bisulfite and nitrite were also inhibitory, due to their effects on the collapse of the transmembrane pH gradient [27] . The inhibitory effects of bicarbonate raise yet another factor which contributes to the modest transport by PCFT in systemic tissues where it is expressed. However, with decreasing pH, bicarbonate decreases as well, thus favoring PCFT-mediated transport.
Transport changes with pH reflect both K t (Michaelis constant) and Vmax (maximum velocity) values for individual substrates [15, [31] [32] [33] [34] 79] . RFC substrates such as (6S)5-methyl and (6S)5-formyl THFs, and the antifolates MTX, PMX, RTX and PTX are all transported by PCFT [2, 5, 30, 79] . Conversely, excellent RFC substrates such as the antifolates PT523 and GW1843U89 are poor PCFT substrates [31, 32, 79, 80] . Folic acid is poorly transported by RFC, but is a reasonably good PCFT substrate [79] . PMX is among the very best PCFT substrates [2, 5, 30, 79] . A series of novel 6-substituted pyrrolo[2,3-d]pyrimidine antifolates was described as excellent PCFT substrates with affinities approximating that for PMX and with PCFT-selectivity over RFC [30, [32] [33] [34] 38] .
Certain drugs such as diclofenac, indomethacin, and sulfasalazine were reported to inhibit folate uptake by PCFT [67] . Since patients with rheumatoid arthritis are administered sulfasalazine with MTX, this combination could impact the oral bioavailability of MTX, as well as of dietary folates.
Discovery of tumor-targeted cytotoxic folate analogs with PCFT transport selectivity
The extracellular pH (pH e ) of the tumor microenvironment can be as low as ~ 6.7-7.1, whereas intracellular pH (pH i ) is ≥ 7.4 [81, 82] . For normal differentiated cells, pH e is ~ 7.3 and pH i is ~ 7.2. PCFT is expressed in human tumors (above) and is significantly active at pH 6.5-6.8, although the pH optimum is 5-5.5 [5, 67, 79, 80] . At neutral pH, PCFT activity is modest and is inhibited by physiologic concentrations of bicarbonate [27] .
These features, combined with the demonstrated clinical efficacy of PMX with non-small cell lung cancer and malignant pleural mesothelioma, suggested a unique opportunity for selective therapeutic targeting tumors via PCFT should compounds be developed with high level substrate activity and selectivity for PCFT over RFC [30] . Indeed, if it was possible to develop cytotoxic PCFT-selective agents without transport by the ubiquitously expressed RFC, these should exhibit far greater tumor selectivity and much less toxicity toward normal tissues than either PMX or MTX, since PCFT is highly expressed in a limited subset of normal tissues (in contrast to RFC) and most normal tissues do not experience the acidic microenvironment most conducive to PCFT transport [2, 30] .
PMX is a 5-substituted 2-amino-4-oxo-pyrrolo[2,3-d] pyrimidine analog with a side chain comprised of a 2-carbon bridge attached to a p-aminobenzoyl L-glutamate [47] (Figs. 1, 3) . PMX is efficiently transported by both RFC and PCFT and shows potent antitumor activity associated with TS inhibition, along with secondary enzyme targets (e.g., GARFTase, AICARFTase) [2, 47] . Both shortening (1 carbon; AGF124) and lengthening (3-6 carbons; AGF126, AGF127, AGF128, AGF129) (Fig. 3 ) the bridge region profoundly decreased anti-proliferative activity and PCFT transport, whereas RFC transport was modestly affected up to 5 bridge carbons [83] .
The 6-substituted pyrrolo [2,3-d] pyrimidine regioisomer of PMX is pharmacologically inert [84, 85] . However, when the bridge region is lengthened to 3 (AGF17) or 4 (AGF23) carbons (Fig. 3) , thus providing greater conformational flexibility, growth inhibition of PCFT-expressing cells occurred at low nanomolar concentrations and PCFT-selectivity over RFC was observed [31] . PCFT transport decreased upon further increasing bridge lengths up to 6 carbons. Notably, both AGF17 and AGF23 also preserved substantial inhibitory activity toward FR-expressing cells [86] . Further studies identified additional structure-activity determinants for PCFT transport. Hence, isosteric heteroatom substitutions at C10 in AGF17, including N, O, and S (AGF183, AGF182, and AGF140, respectively), (Fig. 3) preserved PCFT transport, albeit with slightly decreased (~ fourfold) anti-proliferative activities toward PCFTexpressing cells [39] . N-substitution with formyl (AGF219), acetyl (AGF174) or trifluoroacetyl (AGF209) groups had no significant impact on PCFT-targeting compared to the N-unsubstituted AGF183 (Fig. 3) . None of these analogs with heteroatom bridge substitutions were RFC substrates [39] .
AGF17 and AGF23 analogs with side-chain thienoyl-forbenzoyl replacements (AGF94 and AGF71, respectively) ( Fig. 3) showed greater PCFT-targeted activities than the parent compounds, and afforded some of the most potent PCFT-active agents yet discovered, even though substantial FR-targeted activity was preserved, as well [32-34, 36, 40, 41, 87] . AGF94 (3-carbon bridge) was approximately tenfold more potent toward PCFT-expressing cells than AGF71 (4-carbon bridge), although this was unrelated to differences in PCFT transport [34, 87] . K i s for PCFT transport of AGF71 and AGF94 were nearly identical at pH 5.5 and 6.8, and were only slightly higher than the K i s for PMX. For AGF94, but not AGF71, modest uptake activity only partly attributed to RFC was also reported [34] .
Replacement of L-glutamate in AGF94 with L-aspartate or with unnatural amino acids (α-amino adipate, 4-amino butanoate, α-amino pentanoate) abolished PCFT transport [37] . Based on the antitumor activity profiles for the 2′,5′ thienoyl analogs AGF71 and AGF94, 2′,4′ (AGF117 and AGF150, respectively) and 3′,5′ (AGF118 and AGF154, respectively) thienoyl regioisomers (Fig. 3) were synthesized; all were potent inhibitors of cell proliferation, directly attributable to their selective transport by PCFT over RFC [35, 38] .
Antitumor activity of PCFT-targeted 6-substituted pyrrolo[2,3-d]pyrimidine antifolates is associated with inhibition of de novo purine nucleotide biosynthesis
Based on their potent and PCFT-selective cell inhibition profiles, AGF71 [32, 33] , AGF94 [34, 87] and AGF154 [38] were used as prototype analogs to confirm selective PCFT transport and metabolism to polyglutamates. When HeLa cells were incubated with AGF71 and AGF94 (16 h, pH 6.8), AGF94 polyglutamates accumulated to an ~ eightfold greater extent than for AGF71, paralleling differences (~ tenfold) in anti-proliferative activities [87] .
Following cellular uptake by PCFT, the 6-substituted pyrrolo [2,3-d] pyrimidine compounds [AGF17, AGF23, AGF71, AGF94, AGF140, AGF150, AGF154, AGF174, AGF182, AGF183, AGF209, and AGF219] all targeted GARFTase, the first folate-dependent step in the 10 step sequence from phosphoribosyl pyrophosphate (PRPP) to inosine monophosphate (IMP) (Fig. 4) [31-35, 38-40] , resulting in inhibition of de novo purine nucleotide biosynthesis and ATP depletion [31, 33, 34] .
By in vitro assays with purified human GARFTase (formyltransferase domain), inhibition by 6-substituted pyrrolo [2,3- (Fig. 6) , early-stage H460 non-small cell lung cancer [40] , and IGROV1 epithelial ovary cancer [38, 41] (subcutaneous) xenografts in severe-combined immunodeficient (SCID) mice. Toxicity was minimal and consisted of modest weight loss that was completely reversible upon completion of therapy.
Collectively, these results provide a compelling argument for the potential value of PCFT-targeted therapies for cancer. The normal tissue milieu is generally associated with a neutral pH which favors membrane transport by RFC even if PCFT is present. In such case, even if PCFT is expressed, the reduced electrochemical proton gradient combined with the inhibitory effects of physiologic bicarbonate [27] would result in limited accumulation of PCFT-targeted cytotoxic antifolates such as AGF94, and limited cytotoxicity toward normal tissues. This would be further enhanced by RFC transport of extracellular reduced folates into normal tissues that would protect cells from antifolate cytotoxicity by competing for polyglutamylation at FPGS, and/or for binding to drug targets such as GARFTase. Additional factors include decreased activity of FPGS [89] and/or increased levels or altered cellular distribution of ABC transporters [90] in response to increased cellular folate pools.
By contrast, in tumors characterized by an acidic pH, the elevated electrochemical proton gradient would favor high levels of membrane transport of cytotoxic PCFT substrates such as AGF94 which can be metabolized to polyglutamates and inhibit critical intracellular targets such as GARFTase and de novo purine biosynthesis independent of p53 mutation status [59, 60] . Selectivity of GARFTase inhibition toward tumor versus normal tissues is further augmented by differences in rates of de novo purine nucleotide biosynthesis versus purine salvage between normal tissues and [91, 92] . MTAP deficient tumors would be especially sensitive to the cytotoxic effects of 6-substituted pyrrolo [2,3-d] pyrimidine GARFTase inhibitors, whereas intact purine salvage through MTAP should selectively protect normal tissues [61, 62] . Cancers with mutant BRCA would also likely show increased sensitivities to inhibitors of de novo purine biosynthesis [93] .
For tumors that express FRα along with PCFT such as epithelial ovarian cancer and drugs such as AGF94 that are transported by both PCFT and FRs, PCFT would sustain potent GARFTase inhibition and antitumor activity over a wide range of FRα levels [41] .
Is hypoxia and acidosis accompanying the malignant phenotype limiting to the therapeutic potential of PCFT-targeted antifolates?
An acidic microenvironment is a hallmark of cancer [82, [94] [95] [96] . Rapid tumor growth and/or ischemia can result in hypoxic conditions, associated with acidification of the cytosol and increased pumping of protons into the extracellular environment [96, 97] . However, tumors have elevated glucose uptake even under "normoxic" conditions, reflecting increased glycolysis and generation of lactic acid ("Warburg effect") [94, 98] . Furthermore, expression of carbonic acid anhydrases 9/12 on the tumor surface results in extracellular trapping of acid by hydrating CO 2 to HCO 3 − and H + [99] . Ischemia and acidosis promote tumor progression, invasion and metastases, decrease drug activity through iontrapping, and result in evasion of immune recognition and apoptosis, and cell cycle arrest [82, [100] [101] [102] [103] [104] [105] . Drug resistance associated with hypoxia results from: (1) cells that are distant from blood vessels [106, 107] and decreased proliferation of tumor cells with increasing distance from blood vessels [108] ; (2) loss of sensitivity to p53-mediated apoptosis [109] ; (3) increased mutation rates [110] ; (4) reduced generation of free radicals [111, 112] ; and (5) increased activity of DNA repair enzymes and expression of genes important for tumor cell growth and survival, including vascular endothelial growth factor (VEGF), glycolytic enzymes, and signaling molecules [104, 110, [113] [114] [115] [116] [117] [118] .
With this backdrop, the wisdom of developing PCFT-targeted drugs with selective activity toward acidic and hypoxic tumors might seem questionable, as further implied by the study of Raz et al. [119] which reported that under severe hypoxia (< 0.1% O 2 ) or in the presence of dimethyloxallylglycine (a hypoxia mimetic agent that stabilizes HIF-1α), expression of genes encoding major transporters (RFC and PCFT), and cytosolic targets (TS, DHFR, and GARFTase) are all down-regulated, accompanying cell cycle arrest and complete (reversible) loss of cytotoxic activities for PMX and related antifolates [119] .
However, the relevance of these findings to PCFT-selective targeting of tumors in vivo is uncertain given that Raz et al. [119] used tumors that were severely hypoxic and below the range of hypoxia often reported in human tumors [120, 121] . Other considerations include the extreme heterogeneity of oxygenation within tumors, whereby variations in oxygenation occur chronically, as well acutely [120] [121] [122] [123] . For more oxygenated regions, likely closer to functional capillaries, oxygen levels are sufficient to permit cell division which is further augmented by increased glycolysis via Warburg metabolism. With increasing distance from the capillaries, cells are more chronically hypoxic and eventually die, resulting in tissue necrosis [120] .
Of course, the strongest evidence for the potential of PCFT-targeted therapeutics lies in their demonstrated in vivo antitumor efficacies toward a wide range of preclinical tumor xenografts, including epithelial ovarian [38, 39, 41] and lung [40] cancers, hepatoma [31] , and malignant pleural mesothelioma [36] (Fig. 6 ). Very recent findings have extended these results to MIA PaCa-2 pancreatic ductal adenocarcinoma xenografts (J. Fruehauf, L. Polin, A. Gangjee, L.H. Matherly, unpublished), a hypoxic tumor model which shows early responses to the hypoxia-activated bioreductive prodrug TH-302 [124, 125] . Subcutaneous tumor models are reported to display extensive hypoxia and thus may under predict potential antitumor efficacies of PCFTtargeted therapies toward autochthonous tumors in patients [126] . Collectively, these results provide compelling proofof-principle evidence of the clinical feasibility of selective therapeutic targeting PCFT-expressing tumors with novel cytotoxic 6-substituted pyrrolo [2,3-d] pyrimidine analogs, in combination with other agents and/or as adjuvant therapies.
Conclusion
This review summarizes the "promise" of exploiting the PCFT for selective therapeutic targeting of cancer. PCFT was discovered in 2006 and was identified as the principal folate transporter involved in the intestinal absorption of dietary folates and as causal in the rare autosomal condition, hereditary folate malabsorption [4] . The recognition that PCFT was highly expressed in malignant cells [33] , including primary specimens from some of the most deadly cancers [40, 41, 70] , stimulated interest in using PCFT for cytotoxic drug targeting to tumors, taking advantage of its substantial transport activity under the acidic pH conditions that characterize many tumors [30, 67, 79] .
Targeting tumor acidity for therapy is an attractive therapeutic strategy, as PCFT-targeted agents would show unique tumor selectivity and circumvent dose-limiting toxicities encountered with standard chemotherapy drugs. The finding that PMX is an excellent substrate for PCFT [47, 79] , coupled with high level PCFT expression in primary malignant pleural mesothelioma [70] and non-small cell lung cancer [40] specimens, validates its importance as a clinically relevant transporter that contributes to antitumor efficacy of PMX. The notion of PCFT-targeting was further established with in vitro and in vivo models by the discovery of novel 6-substituted pyrrolo [2,3-d] pyrimidine analogs, which are structurally and functionally unique from PMX [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . This manifests as high level and near exclusive PCFT transport and very limited transport by RFC, combined with potent inhibition of de novo purine nucleotide biosynthesis at the reaction catalyzed by GARFTase.
There still remain important unresolved areas to consider to maximize the potential of PCFT-targeted therapies for cancer. For instance, (1) how are PCFT levels and function regulated in normal tissues and tumors, including transcriptional, posttranscriptional and posttranslational controls, and what is the role of PCFT oligomerization [7, 77, 78] ? Better understanding of these processes may lead to improved therapeutic strategies for PCFT-targeted agents. Although CpG methylation of the PCFT promoter has been described [16, 19, 70] , can antitumor efficacies of PCFT-targeted therapeutics be augmented by co-administering demethylating agents (i.e., azacitidine and decitabine), as recently shown for H2452 mesothelioma cells treated with PMX in vitro [70] ? (2) While cytotoxic tumor-targeted 6-substituted pyrrolo [2,3-d] pyrimidine analogs with selective membrane transport by PCFT over RFC have been reported, to date, all of these compounds show some level of substrate activity toward FRs, as well. As these dual FR-and PCFT-targeted analogs potently inhibit epithelial ovarian cancer cells expressing a wide range of FRα levels [41] , is there any benefit of developing PCFT-selective substrates without FR activity? (3) How does resistance to PCFT-targeted agents manifest and to what extent do cytotoxic PCFT-targeted agents circumvent resistance to standard chemotherapy agents for cancer including PMX? Further, are tumors with high level expression of PCFT less likely to develop PMX resistance? (4) Can PCFT-targeted agents be used in the therapy of pancreatic cancer and/or brain tumors that express ample levels of PCFT? (5) Can PCFT-targeted GARFTase inhibitors be combined with other therapeutic agents in treating cancers such as non-small cell lung cancer, for instance kinase (e.g., EGFR) inhibitors, to provide enhanced or even synergistic activity? The vast number of clinical trials of kinase inhibitors with cytotoxic agents attests to the potential significance of this approach. (6) Can PCFT-selective analogs be developed that target intracellular enzyme targets other than GARFTase? Our recent studies (A. Dekhne, J. Fruehauf, Z. Hou, A. Gangjee, L. H. Matherly, unpublished results) establish the therapeutic value of targeting mitochondrial one-carbon metabolism at serine hydroxymethyltransferase 2 (SHMT2) with compounds that are transported by PCFT, a particularly intriguing finding given the frequent upregulation of SHMT2 in many cancers [127] , and reports of SHMT2 as a potential cancer driver [128, 129] . (7) Finally, given their unique selectivity for acidic tumors, can PCFT-targeted agents be adapted to other applications such tumor imaging with non-invasive tools such as positron emission tomography (PET)? Such molecules may offer a unique non-invasive strategy for stratifying patients for therapy, including PCFT-targeted cytotoxic agents.
Although there clearly remain many areas for continued study, the compelling preclinical evidence in multiple tumor models suggests it is now time to advance the most optimized PCFT-targeted agents with best balance of selective PCFT transport and potent antitumor efficacies to the clinic to validate the paradigm of tumor-targeting via selective uptake by PCFT over RFC. 
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